1. Introduction {#s0005}
===============

Mainly considered in case of contraindication to a surgical curative treatment [@b0005], [@b0010] or for treatment of a low-number of metastases [@b0015], hypofractionation and ablative strereotactic body radiotherapy (SBRT), helped by recent technical advances, have been notably implemented in daily practice. This growing interest is however counterbalanced by the subsequent increase in time dedicated to deliver the treatment in this setting, especially in a current context of global lack of resources [@b0020].

Indeed, delivering high doses of radiotherapy (RT), such as those of 8 to 24 Gy delivered in ablative SBRT, with a conventional dose-rate, is time-consuming both in terms of time for treatment delivery and for repositioning procedures within the framework of required image-guided radiotherapy (IGRT) [@b0025]. One way to handle this issue is the use of flattening-filter-free (FFF) technique, consisting in removing flattening-filter from Linac and thereby increasing dose rate by \~ 4 times (\~2000 MU/minute versus \~ 500 MU/minute) in a non-uniform dose profile beam characterized by reduced head scatter, leaf transmission, energy variation in a lateral direction and reduced peripheral dose in comparison with flattened beam (FB) [@b0030]. This decreases beam-on time (BOT), resulting in shortening time of RT sessions with the effect to minimize deleterious intra-fraction motion involving patient and/or tumor, thereby increasing reliability of initial treatment planification [@b0035].

On one hand, RT has shown its ability to generate an immune response against tumor, requiring the help of several immune cell subtypes, such as T lymphocytes (CD4 + or CD8 + ) or Natural Killers (NK) [@b0040]. One side of this response is the generation of immune cell death (ICD) events recognizable, *inter alia,* by high mobility group box 1 protein (HMGB1) secretion [@b0045]. RT can also act on tumor microenvironment by modifying its cytokine expression profile, favoring the secretion of type I interferons and by the way the subsequent products of interferon-stimulated-genes (ISG), for example C-X-C motif ligand 10 (CXCL10) and interferon-induced GTP-binding protein MX1, thus encouraging the recruitment and function of effector T CD8 + cells with a substantial antitumoral effect [@b0050], [@b0055], [@b0060].

On the other hand, under certain fractionation regimens, RT can also enhance immunosuppressive effects such as the induction of TREX1 exonuclease which can censor type I interferons induction [@b0065]. Moreover, it is able to improve the recruitment of T regulators lymphocytes (Tregs) [@b0070] and myeloid-derived suppressor cells (MDSC) within tumor microenvironment [@b0075]. Finally, as we have recently demonstrated it, RT is capable of inducing expression of immune checkpoints depending on fractionation schedule, thus paving the way to interesting combinations between RT and immune-checkpoints blockades (ICB) [@b0080].

Clinical applications of FFF remain controversial, as observations about its efficacy and safety may differ according to several preclinical studies. Indeed, some of them did not show any significant difference in cell survival in different populations (healthy or cancer cell lines) irradiated in conventional dose rate or in high dose rate [@b0085], [@b0090], [@b0095], [@b0100], whereas some others may indicate a preference for RT delivered in high-dose rate FFF regarding tumor-cell death and healthy tissue sparing [@b0105]. Based on these findings, FFF is a technique already experienced in clinical settings in SBRT of vertebral, lung, liver or intracranial tumors in order to decrease the time dedicated to treatment and optimize available resources [@b0110].

In a current era of exponential development of combination treatments involving RT with concurrent administration of immune therapies, there is a critical need to ensure that new RT modalities, such as FFF RT, will not be deleterious for the induction of an anti-tumor immune response following RT. However, despite evidence is showing an equivalence in terms of cell death and of toxicity to healthy tissues of RT delivered in high-dose rate using FFF compared to conventional dose-rate, it exists a severe lack of data exploring the potential effects of this RT modality on anti-tumor immune response. This paper therefore discusses these potential effects by exploring primordial pathways involved in anti-tumor immune response in a CT26-based model, irradiated *in-vitro* and *in-vivo* whether in high-dose rate using FFF or in conventional dose-rate.

2. Material and methods {#s0010}
=======================

2.1. In-vitro study {#s0015}
-------------------

### 2.1.1. Cell culture and irradiation {#s0020}

CT26 American Type Culture Collection (ATCC) murine colon cancer cells (USA) were cultured with the same conditions as those used according to previous works[@b0080]. A total of 1.10^5^ CT26 cells were transferred in 13 different 6-well plates (including a control un-irradiated plate), and then irradiated, using a TrueBeam® linear accelerator delivering a single 10x10 cm FFF beam, with a single dose of 2, 5, 8 or 12 Gy each delivered with a dose rate of 4 (LDR group), 12 (HDR1 group) or 24 Gy/min (HDR2 group). An overview of the planified dosimetry is available in [Supplementary Fig. 1](#s0120){ref-type="sec"}.

### 2.1.2. RT-qPCR {#s0025}

As previously described [@b0115], 48 h after RT, we quantified in RT-qPCR the expression of *trex1* (coding for exonuclease TREX1, antagonist of type I interferon pathway) and interferon I-stimulated genes (ISG) *ifnb* (interferon β), *ifnar1* (type I interferon receptor), *cxcl10* (chemokine CXCL10) and *mx1* (MX1). Primers used are detailed in [Supplementary Table 1](#s0120){ref-type="sec"}. Relative quantities were calculated in arbitrary units (UA) using the ΔCT method and the following formula: 2(−ΔCT).10^4^ with gene *actb* as a gene of reference. The time point of 48 h after RT was chosen because preliminary data from our team showed a relative peak in the expression of some ISG in the CT26 model 48 h after RT, whereas no significant induction was observed 24 h after RT for the same genes.

### 2.1.3. Immune cell death: HMGB1 secretion {#s0030}

Two days after CT26 irradiation, 400 µL of culture supernatant was harvested for each condition, and concentration of *high-mobility group box protein 1* (HMGB1) was quantified using ELISA kit (Chondrex®) HMGB1 detection kit, ref. 6010 (Redmond, USA)), already involved in the detection and the quantification of HMGB1 in the supernatants of cancer cells [@b0120] as well as of normal cells [@b0125] in published works. A plate-reader Spark® (Tecan™) with a reference wavelength of 450 nm was used.

2.2. In-vivo study {#s0035}
------------------

### 2.2.1. Tumor-growth profile experiments {#s0040}

Immunocompetent Balb/c mice housing and *in-vivo* experiments were performed as previously described [@b0080].

Ten days after sub-cutaneous injection of 1.10^5^ CT26 cells on right flank, mice were randomized in three groups: an un-irradiated control group (Control), a high-dose rate group ("HDR") receiving a single-dose of 16.5 Gy in a high-dose rate of 24 Gy/min and a low-dose rate group ("LDR") receiving the same single-dose in a low-dose rate of 4 Gy/min. This irradiation scheme was chosen because of its ability to modify tumor microenvironment and induce some relevant anti-tumor immune pathways [@b0080]. An overview of setup and dosimetry is visible on [Fig. 1](#f0005){ref-type="fig"}.Fig. 1Setup modalities for Balb/c mice irradiations on Varian™ Truebeam® linear accelerator. RT delivery on tumor alone using a single FFF beam of 10 MV. A home-made contention device immobilized the CT26 tumor located on right-flank of each mice.

The full *in-vivo* research process was approved by competent ethics committee before any experimentation was performed.

### 2.2.2. Immunomonitoring experiments {#s0045}

After randomization, three other groups of mice were treated either with a single dose of 16.5 Gy delivered at LDR or FFF HDR, or didn't receive any RT (control group).

Seven days after irradiation, all mice were sacrificed and tumors collected. For each group, 5 tumors were used to analyze cell infiltrates within tumor microenvironment using flow cytometry, whereas the 5 others were used to study the expression of a wide array of genes involved in anti-tumor immune processes using RNA sequencing (see below). The time point of 7 days after irradiation as well as the dose of 16.5 Gy were chosen because of previous works published by our research team showing an induction of anti-tumor immune response with this dose at this time point in CT26 model [@b0080].

### 2.2.3. Immunomonitoring using flow cytometry: {#s0050}

Tumor microenvironment analyzes were performed as previously described [@b0080]. After dissection, and mechanical then enzymatical dissociation using a mouse tumor dissociation kit and according to manufacturer's recommendation (Miltenyi Biotech™), tumor cell suspension (10^6^ cells) was stained in flow cytometry staining buffer (FSB, eBioScience™) with specific antibodies according to manufacturer's recommendation, then washed and analyzed using flow cytometry (modalities summarized in [Supplementary Table 1](#s0120){ref-type="sec"}).

### 2.2.4. RNA-sequencing {#s0055}

For RNAseq experiments, we used the same technical modalities and the same hardware devices as those used in similar works published by our team [@b0080].

A gene set enrichment analysis was performed as reported in a previous study [@b0130] using the online software GenePattern based on 2019 KEGG database.

2.3. Statistics and graphical representation {#s0060}
--------------------------------------------

All figures were produced using GraphPad Prism software version 7.0 (Graphpad Software™, USA) Comparisons between the different experimental conditions were performed using a non-parametric Mann-Whitney test. In case of multiple groups which are all compared to each other, a Kruskall-Wallis test (KW) was first performed, and in case of positivity of KW test (threshold p \< 0.05), a Mann-Whitney non-parametric test was then practiced in a side-by-side comparison, with a post-hoc correction using the method of Benjamini and Hochberg. Statistical analyzes were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). A p-value \< 0.05 was considered to be statistically significant.

3. Results {#s0065}
==========

3.1. *In-vitro* conditions {#s0070}
--------------------------

### 3.1.1. Influence of RT dose-rate on the induction of type I interferon pathway {#s0075}

The results of RT-qPCR experiments are detailed in [Table 1](#t0005){ref-type="table"} and represented in [Fig. 2](#f0010){ref-type="fig"}.Table 1Effect of RT delivered using three different dose-rate conditions on the expression of genes of the type I interferon pathway.*trex1cxcl10ifnbifnar1mx1*Control35.37 \[19.93; 43.75\]18.53 \[5.73; 27.3\]0.175 \[0.127; 0.325\]82.45 \[58.2; 93.53\]1.55 \[1.18; 2.1\]LDR (4 Gy/min)61.61 \[39.23; 91.37\]62.41 \[23.33; 160.8\]0.51 \[0.30; 1\]77.27 \[46.14; 96.89\]28.53 \[8.63; 38.2\]HDR1 (12 Gy/min)57.32 \[39.06; 74.89\]46.26 \[20.76; 130.5\]0.38 \[0.23; 0.62\]68.29 \[54.03; 85.31\]22.3 \[4.31; 35.89\]HDR2 (24 Gy/min)68.15 \[37.92; 84.98\]58.68 \[33.08; 110.8\]0.47 \[0.35; 0.63\]77.37 \[65.72; 87.97\]20.18 \[9.82; 37.12\]**KW Testp = 0.042p = 0.045p = 0.01**p = 0.79**p = 0.001**LDR VS HDR1p = 0.71p = 0.81p = 0.08p = 0.85LDR VS HDR2p = 0.90p = 0.81p = 0.47p = 0.86HDR2 VS HDR1p = 0.62p = 0.64p = 0.29p = 0.99LDR VS Control**p = 0.008p = 0.01p = 0.002p \< 0.001**HDR1 VS Control**p = 0.02p = 0.01p = 0.046p \< 0.001**HDR2 VS Control**p = 0.006p = 0.006p = 0.007p \< 0.001**[^1]Fig. 2Representation of the expression of genes involved in the type I interferon pathway after RT *in-vitro* at various doses and dose-rates. Results of RTqPCR experiments for the expression of genes trex1 (antagonist of type I interferon pathway), cxcl10, ifnb, mx1 and ifnar1 (agonists and effectors). Data expressed in arbitrary units (AU), medians with interquartile ranges. N = 6 experiments for each condition. Comparisons performed using a non-parametric Mann-Whitney test. \* p \< 0.05; \*\* p \< 0.01; \*\*\* p \< 0.001.

Notably, 48 h after RT, we have not shown any difference according on RT dose-rate in the expression of all genes tested, whereas the expressions of *trex1, cxcl10 and mx1* were significantly increased for doses of RT up to 5 Gy and the expression of *ifnb* for doses up to 8 Gy in both of irradiated groups (HDR and LDR) in comparison with the control group, thus confirming the substantial influence RT has on the induction of type I interferon pathway.

### 3.1.2. Comparison of RT in FFF high-dose rate and in standard low-dose rate in the induction of immunogenic cell-death events {#s0080}

The [Fig. 3](#f0015){ref-type="fig"} represents the results of HMGB1 quantification in supernatants by ELISA in ratios to un-irradiated/control condition. Although a substantial increase in amount of HMGB1 was showed for doses of RT up to 5 Gy in comparison with a standard dose of 2 Gy (5 Gy: 1.34 \[1.08; 2.62\]; 2 Gy: 1.07 \[0.7;1.2\]; p = 0.002), we have not highlighted any difference in HMGB1 secretion by irradiated CT26 cells according to dose-rate condition, HDR or LDR, for each dose delivered.Fig. 3Secretion of high-mobility group box 1 (HMGB1) protein after RT *in-vitro*, according to the dose delivered and the dose-rate used. HMGB1 concentrations quantified by ELISA test. N = 6 experiments for each condition. Data represented in ratios of HMGB1 concentrations to un-irradiated control group, in medians with interquartile ranges. Comparisons performed using a non-parametric Mann-Whitney statistical test. \*\* p \< 0.01.

3.2. *In-vivo* experiments: {#s0085}
---------------------------

### 3.2.1. CT26 tumor growth profile in immunocompetent Balb/c mice {#s0090}

We represent in [Fig. 4](#f0020){ref-type="fig"} the tumor growth profile of CT26 tumors. The mean time to reach a tumor volume up to 1500 mm^3^ did not appear significantly different between mice receiving 16.5 Gy in HDR or in LDR conditions (HDR: 39.4 days \[34.23; 44.57\]; LDR: 36 days \[28.8; 43.2\]; p = 0.39). Moreover, as a confirmation of validity of this experiment, both HDR (p \< 0.001) and LDR (p = 0.018) groups showed significantly slowed down tumor growth profiles compared to control group (24.86 days \[20.01; 29.7\]).Fig. 4Tumor-growth profile of CT26 tumors after RT in 24 Gy/min (High-dose rate) versus 4 Gy/min (Standard Low-dose rate). N = 10 mice for each group. Times to reach 1500 mm3 expressed in means with standard deviations. Comparisons performed using a non-parametric Mann-Whitney test. \* p \< 0.05; \*\*\* p \< 0.001.

### 3.2.2. Composition of immune cell infiltrates into peritumoral environment after RT in FFF high-dose rate and in standard low-dose rate: {#s0095}

The results of immunomonitoring experiments practiced at J7 after irradiation are detailed in [Table 2](#t0010){ref-type="table"}, [Table 3](#t0015){ref-type="table"} and represented in [Supplementary Fig. 2](#s0120){ref-type="sec"}. No difference was highlighted in ratios of T lymphocytes, CD4+, CD8+, NK, and Treg in total cells between both irradiation conditions. However, such significant differences were observed between both irradiated groups and the control unirradiated condition, thus confirming the ability of RT to increase the part of these cell populations among total cells regardless to the dose-rate used.Table 2Composition of immune microenvironment after RT in high-dose rate using flattening filter-free beams versus standard low-dose rate:T lymphocytesT CD8 + lymphocytesT CD4 + lymphocytesNK lymphocytesTreg lymphocytesControl3.26% \[2.67; 6.81\]1.35% \[1.02; 2.4\]1.37% \[1.19; 2.87\]2.34% \[2.13; 3.41\]0.38% \[0.15; 0.77\]LDR (4 Gy/min)19.2% \[11.16; 26.71\]14.01% \[8.85; 21.16\]3.84% \[3.29; 4.86\]9.97% \[8.93; 12.35\]2.21% \[1.18; 2.67\]HDR (24 Gy/min)17.56% \[16.03; 25.33\]14.99% \[8.83; 23.24\]3.94% \[3.31; 6.48\]8.49% \[6.97; 11.27\]1.79% \[1.1; 2.11\]HDR VS LDRp = 0.83p = 0.84p = 0.83p = 0.36p = 0.4LDR VS Control**p = 0.011p = 0.01p = 0.02p = 0.002p = 0.003**HDR VS Control**p = 0.006p = 0.01p = 0.011p = 0.03p = 0.03**[^2]Table 3Prevalence of immune checkpoints within CD8 + T lymphocytes in tumor microenvironment after RT in high-dose rate using flattening filter-free beams versus standard low-dose rate.PD1TIGITTim3LAG3PDL1Control58.04% \[36.23; 61.35\]28.23% \[25.54; 39.03\]9.41% \[6.65; 10.71\]29.2% \[24.75; 49.19\]1.72% \[0.99; 5.14\]LDR (4 Gy/min)85.69% \[82.76; 91.41\]50.99% \[42.47; 62.27\]22.61% \[17.44; 28.31\]41.95% \[38.75; 57.6\]47.51% \[37.14; 48.43\]HDR (24 Gy/min)90.08% \[75.07; 91.81\]56.59% \[44.95; 62.3\]23.68% \[20.19; 27.89\]46.52% \[36.64; 58.47\]56.09% \[29.84; 59.01\]HDR VS LDRp = 0.72p = 0.89p = 0.86p = 0.89p = 0.72LDR VS Control**p = 0.013p = 0.024p = 0.017**p = 0.23**p = 0.013**HDR VS Control**p = 0.005p = 0.016p = 0.01**p = 0.18**p = 0.005**[^3]

### 3.2.3. Study of transcriptomic profiles based on RNA sequencing analysis {#s0100}

In [Fig. 5](#f0025){ref-type="fig"} we present in an overview heatmap the results of RNA-sequencing performed at J7 post-RT. After comparing LDR and HDR conditions, we did not find any difference in the expression of immune checkpoints PD1, PDL1, TIGIT, Tim3 and PDL2 among total cells in CT26 tumors. As well as for the immunomonitoring experiments, significant differences in the expression of above-mentioned immune-checkpoints were shown between both irradiated conditions (HDR or LDR) and the unirradiated control group.Fig. 5Expression of immune checkpoints in CT26 tumors after RT *in-vivo* at 24 Gy/min (High-dose rate) versus 4 Gy/min (Standard Low-dose rate). RNA sequencing analysis performed 7 days after RT from tumors RNA. Results presented in Z-scores. CTRL: Control; LDR: Low-dose rate; HDR: High-dose rate.

4. Discussion {#s0105}
=============

This work represents the first study so far examining the potential influence of external beam RT delivered in FFF HDR usable in clinical practice on anti-tumor immunity. Indeed, several experiments done so far were interested in studying FLASH irradiation [@b0135], [@b0140], resulting in ultra-high dose rate RT delivery and currently involved only in a beginning clinical practice [@b0145]. On the contrary, FFF beams are already used in patients for the reasons described in the introduction. Thus, in the current context of ever-expanding number of clinical trials involving an association between an immune-checkpoint blockade and an external irradiation, it seemed essential to determine how FFF moderate HDR RT could modify anti-tumor immune response or not, in comparison with RT delivered in standard LDR.

First, concerning the *in-vitro* experiments, we attached importance to studying the type I interferon pathway because of its immunogenic properties that made it a pillar in anti-tumor immune response. We have proved a strict equivalence in the ability of RT to induce this pathway whether it is delivered in LDR or in FFF HDR. By showing an induction of TREX1 exonuclease and IFNB for doses up to 5 Gy, we agreed with the conclusions of Vanpouille-Box et al. [@b0065] who explored it in several models, syngeneic tumors or patient-derived xenografts. However, using RT-qPCR for the analysis of the expression of the ISGs, despite the accuracy of this technique, did not enable us to have an insight about post-translational rearrangements possibly impacting the functionality of subsequent proteins.

Regarding immune cell death, HMGB1 secretion did not differ according to the dose-rate chosen. The increase in HMGB1 secretion for doses up to 5 Gy seems congruent with the work of Chen and al. [@b0150] on pancreatic cancer cells. However, even it is of substantial interest, the secretion of HMGB1 cannot be considered as the only marker of ICD and other criteria such as calreticulin translocation or ATP secretion will have to be the field for further explorations.

Then, about the *in-vivo* experiments, we highlighted the significant part of effector-cell populations such as T CD8 + or NK, the induction after RT of which is already established [@b0155], [@b0160]. On the other hand, the improved proportion of immunosuppressive Treg lymphocytes after RT was similar than in relevant published works [@b0070]. Moreover, even if FFF HDR irradiation failed to show a differential induction of widely targeted immune checkpoints PD1, PDL1, Tim3, and TIGIT in comparison with LDR irradiation, those were induced compared to control group, which broadens the concept of RT-inducible checkpoints behind breakthrough clinical trials, published or on-going [@b0165]. Our work represents the first study so far to question the impact of dose-rate on the composition of immune cell infiltrates or on the induction of immune checkpoints within tumor microenvironment.

However, this work is to be continued. Some shortcomings of our methodology lie in the fact that we have experimented with a single tumor model, and that we have not carried out additional work consisting in associating immune checkpoints inhibitors to a radiotherapy delivered in FFF moderate high dose rate in order to highlight a hypothetic difference in tumor growth profile. As it is of evidence that RT alone is insufficient to ensure of the induction of a robust anti-tumor immune response, an on-going study by our research team is of major interest, as it will associate RT with concurrent administration of chemotherapy and immune checkpoint blockades, which represent two additional major contributors to the induction of a strong anti-tumor immune response.

Finally, it is worth notable that we did not include ultra-high dose rate (also called FLASH-RT) into these experiments, thus focusing our attention on FFF high-dose rate which is, on the contrary of FLASH-RT, already involved in stereotactic body radiotherapy for many patients treated in various locations. Some studies evaluating the impact of FLASH-RT on anti-tumor immune response are expected, as this technique of ultra-high dose rate represents a promising issue in a foreseeable future.

5. Conclusion {#s0110}
=============

In this original work, we did not highlight a significant difference in relevant fields of anti-tumor immune response between RT delivered in conventional dose-rate and in FFF high-dose rate. Subject to reproducibility of these results in other syngeneic models, this should make numerous research protocols associating immune checkpoint blockades with external RT fit with using moderate HDR RT using FFF beams, thus contributing to their utilization in routine [@b0170].

Overall, considering these experiments in a single tumor model, and all the existing literature reporting an absence of additional toxicity caused by FFF HDR, this technique seems at least not deleterious for the induction of major pathways involved in the anti-tumor immune response, and therefore can be implemented into clinical daily practice, however with caution.

This work nevertheless needs to be improved with the exploration of some other aspects of immune cell death process (calreticulin), and with the use of immune checkpoints blockades in *in-vivo* experiments with the goal of exploring a potential benefic association with FFF moderate high-dose RT. These complementary works will be the field for future publications.
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The following are the Supplementary data to this article:Supplementary data 1
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[^1]: Results of RTqPCR experiments 48 h after irradiation of *in-vitro* CT26 cells. All results represented in medians with interquartile ranges of arbitrary units (n = 6). Data comparison made using a Kruskall-Wallis (KW) test, and then a Mann-Whitney non-parametric test with correction of Benjamini and Hochberg in case of significance of KW test. LDR: Low-dose rate; HDR1: High-dose rate 1; HDR2: High-dose rate 2.

[^2]: Percentages of various cellular types among total cells in CT26 tumor microenvironment, explored by flow cytometry at J7 after a single fraction of 16.5 Gy. All results represented in medians with interquartile range. Data compared using a Mann-Whitney non-parametric test. N = 5 samples for each condition. LDR: standard low-dose rate; HDR: High-dose rate.

[^3]: Proportion of CD8 + T lymphocytes expressing immune checkpoints within tumor microenvironment of CT26 tumors at J7 post-irradiation. Results for PD1, TIGIT, Tim3 and LAG3 expressed in percentages among T CD8 + lymphocytes. Result for PDL1 expressed in percentage among tumor cells. All results presented in medians with interquartile ranges. Data comparisons done using a Mann-Whitney non-parametric test. N = 5 samples for each condition. LDR: Low-dose rate; HDR: High-dose rate.
